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Chapter 1 Introduction 
 
1. 1 Background of the present study  
 Wear is related to interactions between surfaces and specifically the 
removal and deformation of material  on a surface as a result  of mechanical 
action of the opposite surface  [1]. It is usually divided into abrasive wear,  
adhesive wear, corrosive wear,  etc. .  Abrasive wear is caused by solid 
particles and it is  further classified into several types according to the 
difference in wear form. Among them, a phenomenon of mechanical  
damage or removal of material surface which is caused by the repeated 
collision of solid particles in mixed phase flow of liquid or gas is called 
erosion or erosive wear  [2].   
Erosion happens in many industrial components, such as the bended 
sections of pipeline,  valve, turbine blade, etc.  and it is recognized as a 
reasonable cause of material  failure and causes serious accidents in the 
manufacturing and transportation industries [3 -7]. In recent years, an 
increasing number of apparatuses are used at  elevated temperature and 
with the working conditions for industrial  materials becoming severe, the 
phenomenon of high temperature erosion has received more and more 
attention [8-16].  
As an instance, high temperature erosion occurs in the manufacturing 
process of the inorganic fibrous insulator which has been widely used in 
the construction materials and internal insulation of industrial furnace, 
etc..  When the melting slag is extended and st retched out by centrifugal 
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force of the highly rotating rotor to produce raw fiber by air  (see Fig.  1-1 
(a)),  erosion will  be happened on the surfaces of the next rotors in the 
manufacturing process  (see Fig. 1-1 (b)). In this circumstances, 
temperature is  approximately 1173 K. Eroded rotors are regularly 
exchanged to prevent from occurring accidents.   
Another instance occurs in the manufacturing process of pig iron , when 
iron ore and coke are fall ing through the revolving chute to feed into the 
blast furnace. As shown in Fig.  1-2, during the feeding procedure,  iron ore 
and coke first blast onto the surface of revolving chute and then in the 
falling process they would continue hitting on the side wall of the 
revolving chute due to its rotational movement.  Th erefore, the surface of 
the revolving chute liner would then be seriously damaged by the 
continuously impact of ore and coke due to wear. In this si tuation, the 
temperature of the revolving chute would be 873 ~ 1173 K. The eroded 
liners are regularly exchanged to prevent from occurring accidents.  
 It  should be mentioned that under certain circumstances, erosion that 
occurs in the inner surface of pip eline cannot be judged from the 
appearance. So that,  periodic replacement or buildup welding in the eroded 
section are the last reluctant action to prevent accidents.  However,  in the 
case of high temperature erosion, the damage is so serious that  this kind 
of regular maintenance is just considered as a temporary solution, the 
damage occurs once again in a few da ys. Therefore, high temperature 
coatings have been recognized as solutions to this problem [ 17-22].  
However, the replacement, spray coating, or buildup welding of the 
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component has time and monetary costs, including lost revenue during 
down time. Therefore,  in an attempt to reduce the manufacturing and 
maintenance costs,  the development of excellent thermal and wear  
resistant materials for different applications has alw ays a major focus. The 
elucidation and its corresponding measures of erosive wear mechanism in 
an elevated temperature environment have also become an urgent issue to 
be solved.  
 
1. 2 Previous research of the present study 
Researchers have been focused on  erosion since the middle of  last 
century. Finnie [2,  23-25], Bit ter [26, 27] and other researchers [28-34] 
conducted a lot of  basic researches on this phenomenon and their theories 
have become the foundation of erosion research. As shown in Fig. 1-3 [2], 
usually,  the damage of erosion tends to be promoted on the low angle side  
(20 deg. ~ 30 deg.)  of the ductile material  such as aluminum alloy, copper,  
or mild steels and it  tends to be promoted on the high angle side (80 deg. 
~ 90 deg.) of the brittle material  such as ceramics or glass . It  has been 
clarified that there are unfavorable angles of different materials against 
erosion depending on their properties. This phenomenon is called impact 
angle dependency.  From the point of view of mate rial  development, 
material  with small  impact angle dependency is recommended due to i ts 
better resistance to different working angles.   
In the following decades,  many researchers continued to study on 
erosion and it has been known that dominant factors whi ch play important 
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roles in affecting the erosion characterist ics and the amounts of material 
removal are mainly associated with three aspects: the property of the 
impact particles (hardness,  shape, dimension, etc.) [3 5-39], the 
instantaneous state of impacting process (impact angles,  velocity,  etc.) 
[40-44] and the status of target  material  (mechanical  properties, 
microstructure,  hardness, etc.) [45-50]. Therefore, it  is  necessary to judge 
the erosive wear characteristics of different materials  using the same 
experimental conditions .   
Shimizu and his co-workers have done a lot of research  with different 
irons and steels [5,  46, 47, 51] using a commercial suction-type blasting 
machine (B-0 type blast  cabinet made by Atsuchi Ironworks Co., Ltd. ; CS-
265P type reciprocal  compressor made by Iwata Painting Machine Industry 
Co.,  Ltd.).  And in order to evaluate the erosive wear characteristics of 
materials at elevated temperature, a high temperature erosion test  machine 
has been designed in 2008 and various wear resistant iron  and steel  
materials [11-13, 16, 52] have been investigated  using this machine in the 
high temperature range of 1173 K .  
As erosive wear experimental  results  of stainless steel  SUS410 at room 
temperature and 1173 K (see Fig. 1-4 [12]), erosion rate was increased 
dramatically at 1173 K than that at room temperature.  Especially at  impact 
angle of 30 deg., erosion rate increased approximately 40 times at 1173 K 
comparing to which at  room temperature.  Microstructure of SUS410 was 
austenite and with temperature increased to 1173 K, hardness decreased 
from 273 HV to 70 HV. According to the observation result  of eroded 
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surfaces after erosion tests (see Fig. 1-5 [12]),  only several  slight 
indentations can be observed on the eroded surf ace after erosion test  at 
room temperature,  however, well-developed ripple patterns lying 
transverse to the collision direction of erodent particles can be observed 
on the eroded surface after erosion test at  1173 K. The reduction of matrix 
hardness at elevated temperature was considered to be the main reason of 
this phenomenon indicated that materials display ductile characteristics at 
elevated temperature.  Thus, the damage of erosive wear was increased 
dramatically at elevated temperature, especially at l ower impact angles.   
The increase of hardness is recognized as a feasible method to improve 
erosive wear characteristics. However, there is a limit to increase the 
hardness of the matrix structure. Besides , most of the matrix will change 
into austenite and hardness will not be a big difference between them at 
the high temperature range of 1173 K. In this circumstances,  carbides with 
much higher melting points and hardness dispersed in the matrix will  play 
a much more important role in determining the erosive wear characteri stics.  
According to the previous research of high chromium cast  irons  with 12, 
17, 22 and 27 mass% Cr addition, with the increase of Cr addition, erosion 
rate was decreased at 1173 K [52].  The reason of the suppressed erosion 
damage was related to the carbides in the matrix. With Cr addition 
increased, M3C (M: Metal) carbides changed into M 7C3  carbides and the 
amount of M7C3  carbides became larger.  The increased amount of high 
hardness carbides suppressed the reduction of overall  hardness at elevated 
temperature which acted as a deterministic factor in erosion.  
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From the reasons above, controll ing microstructure, especially the type 
and amount of carbides have been considered to be effective in improving 
erosive wear characteristics under high temperature conditions  [52-59].  
For this reason, in order to develop materials with excellent erosive wear 
characteristics and small  impact angle dependency at  elevated temperature, 
it  has been focused on multi -component cast  irons with addition of carbide 
forming elements, such as chromium (Cr), molybdenum (Mo), tungsten 
(W), vanadium (V) or niobium (Nb) which could encourage the matrix  to 
crystallize carbides with high hardness during solidification.  
It  has been reported that multi -component cast irons showed good 
erosive wear performance due to the solidification of high hardness 
carbides,  such as Cr carbides of M 3C and M7C3 ,  Mo and W carbides of 
M2C, and V or Nb carbides of VC in the matrix . And the effect  of 
secondary hardening which can be obtained by the precipitation of 
secondary carbides through heat treatment was another possible reason to 
further improve the erosive wear property [16, 53]. According to the 
investigation result of V or  Nb-containing multi-component cast iron [16], 
it  was maintained high hardness for both V and Nb -containing multi-
component cast irons  at  elevated temperature due to the carbides formation . 
And, Nb-containing multi-component cast iron showed good erosive w ear 
performance at 1173 K.  However,  erosion rate of V-containing multi-
component cast  iron was extremely high due to the significant oxidation 
caused by vanadium attack  effect at 1173 K. With the addition of heat 
resistant element cobalt (Co), a spinel type oxides (CoCr2O4) was formed 
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at elevated temperature which may delay the diffusion of metal ions (such 
as Fe or V ion) and oxygen ion through oxide film. Therefore, the process 
of oxidation was inhibited, and V-containing multi-component cast iron 
showed better erosive wear performance at 1173 K.  
 
1. 3 Purpose of the present study 
Fe-C-V alloys or spheroidal carbide cast irons (SCIs) contained 
spheroidal vanadium carbides (VCs) has attracted a lot of interests in the 
last  two decades. They were considered as potential  wear resistant 
materials with high fatigue strength. Among them, high V-Cr-Ni stainless 
spheroidal carbide cast iron (SCI-VCrNi: 10 mass % V, 18 mass % Cr and 
8 mass % Ni) was proven as an excellent wear and thermal resistant 
material [5, 11].  The erosion rate of SCI-VCrNi was 16.97×10 -3  cm3 /kg at 
1173 K, which was much lower than that of SS400 (61.85×10 -3  cm3 /kg),  
S50C (31.38×10 -3  cm3 /kg) or SK3 (33.05×10 -3  cm3 /kg) [11].  Uniformly 
dispersed spheroidal VCs in the matrix of SCI-VCrNi were considered as 
the main contributor to the wear resistance improvement,  because the 
stress and deformation caused by particle coll isions could be dispersed or 
suppressed by the spheroidal crystallized carbides. However, due to the 
high content of expensive V, Cr and Ni, high production cost  limited its  
practical  application.  
Therefore, attempt to balance production cost and wear performance, 
SCIs containing reduced content of V, Cr and Ni with lower manganese 
(Mn) addition were designed and studied [51, 60-62]. The effect  of 
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chemical composition on microstructure features which is known to 
contribute significantly to wear performance was described in detail in the 
former paper [61]. In the following research, to obtain the metastable 
austenite matrix and homogenize the microstructure,  heat  treatment 
modification was then performed on these materials. They all showed 
satisfactory abrasive wear resistance [ 60, 62] and erosive wear 
performance at  room temperature [5 1]. It  was also proved that metastable 
austenite was effective to resist wear by deformation -induced martensite 
transformation under abrasion or erosion. However, the erosive wear 
characteristics of these materials at elevated temperature is still  need to 
be investigated. Thus, one of the purpose of this thesis is  to evaluate the 
erosive wear performance of Fe -C-Mn-Cr-V based multi-component cast 
irons at elevated temperature.  
 On the other hand, multi -component cast irons with addition of  several 
carbide forming elements such as Cr, Mo, W, V or Nb have been proved to 
exhibit  good resistance to erosive and abrasive wear, even at elevated 
temperature [16, 53].  The eutectic carbides of MC, M 2C, M3C or M7C3  
formed during solidification and secondary carbides formed during heat 
treatment dispersed in the matrix  contribute to maintaining the hardness 
of the materials at elevated temperature , resulting in the improvement of 
erosive wear property.  In order to further improve the amount of carbides 
in the matrix,  the influence of other elements such as nickel (Ni) was taken 
into account.   
Comparing to the other elements, Ni is  an element with good heat 
- 10 - 
 
resistance which is difficult  to be oxidized. It  can be expected that  the 
high temperature oxidation characteristics of multi -component cast  irons 
might be improved with Ni addition. Furthermore, it  has been reported that  
with Ni addition, the solid solution of Ni in  the matrix  of multi -component 
cast irons increased, which moved the pearlite and bainite nose to the long-
time side of the CCT diagram, resulting in the improvement of 
hardenabil ity [63]. Additionally,  Ni is not a carbide forming element, it  
will not form carbides to remain the hardness directly. However, Ni will 
be preferentially dissolved into the matrix compared to the other carbide 
forming elements such as Cr and Mo. Then, the amount of carbide forming 
elements dissolved into the matrix will  be suppressed. At the same time, 
these carbide forming elements will be encouraged to form more carbides 
during crystallization [64]. Therefore, the improvement of erosive wear 
characteristics  can be expected  at elevated temperature .  In the present 
thesis,  it  is necessary to investigate the influence of Ni on the erosive wear 
characteristics of multi -component cast irons at elevated temperature.   
Furthermore, due to carbon (C) is closely involved with the formation 
of carbides, transformation properties of the matrix structure and the 
toughness of material  [64],  the influence of C content was also needed to 
be investigated in the present study.  
For the above reasons in short ,  the purpose of this thesis was to evaluate 
the high temperature erosive wear performance of these various designed 
multi-component cast irons , elucidate the erosion mechanisms  and provide 
guidance for material composition design .  
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1. 4 The composition of this thesis  
There are all six chapters in this doctoral thesis and each outline is 
described below.  
In Chapter 1,  research background and also the significance and purpose 
of the present thesis were described.  
In Chapter 2,  the production method of various experimental  materials  
which were used for erosive wear tests in Chapter 3,  Chapter 4,  and 
Chapter 5 were described. Experimental  methods of the analysis of 
microstructure,  measurement of hardness,  investigation of crystallized or 
precipitated carbides , and the evaluation method of erosive wear 
characteristics were stated.  
In Chapter 3, using the Fe-C-Mn-Cr-V based multi-component cast iron 
produced in Chapter 2, the erosive wear characteristics  was investigated 
at elevated temperature (873 K and 1173 K) .  
In Chapter 4 , using the Fe-C-Cr-Mo-W-Nb based multi-component cast 
iron produced in Chapter 2,  the influence of  Ni addition on erosive wear 
characteristics was investigated at  elevated temperature  (1173 K).   
In Chapter 5 , using the Fe-C-Cr-Mo-W-V-Co based multi-component 
cast  iron  with different Ni addition  produced in Chapter 2,  the influence 
of C content and Ni addition on erosive wear characteristics  was 
investigated at  elevated temperature  (1173 K).   
In Chapter 6, the main conclusions obtained in the present  study were 
reviewed. And the future tasks and prospects  were also stated.  
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(a) Example of rotors while working  
 
 
(b) Eroded surface of rotor  
Fig. 1-1 A model of the inorganic fibrous insulator machine rotors and 
the eroded surface of rotor  
  







Fig. 1-2 A model of erosive wear in blast furnace  
  








Fig. 1-3 ER/ERma x  vs. impact angle curves  
for ductile and brittle materials [2]  
  













































Fig. 1-5 Observation of eroded surfaces of SUS410 after erosion  [12]  
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Chapter 2 Production of various multi -component cast irons  
 
2. 1 Introduction 
 The multi -component cast iron is a casting alloy containing strong 
carbide-forming elements (such as Mo, W, V, Nb, Cr, etc.)  and containing 
about 2 to 3 mass % of carbon (C). Multi -component cast iron crystallizes 
high hardness carbides such as MC, M 2C, M3C or M7C3  (M: Metal) during 
the time of solidification. And the matrix structure is  secondary 
strengthened by carbide precip itation by the following heat treatment.   
 In this chapter, the production method of fifteen  types of multi -
component cast irons which were used for erosive wear tests in Chapter 3, 
Chapter 4, and Chapter 5 were described. Experimental methods of the 
analysis of microstructure, measurement of hardness,  investigation of 
crystallized or precipitated carbides , the evaluation method of erosive 
wear characteristics and impact performance were stated.  
 
2. 2 Fe-C-Mn-Cr-V based multi -component cast  iron  
2. 2. 1 Production method 
 Three types of heat treated multi -component cast irons with addition of 
approximately 5 mass % V and 0, 4.5, 9 mass % Cr were prepared as 
experimental materials (abbreviated as 5V-0Cr, 5V-4.5Cr and 5V-9Cr) 
used in Chapter 3. Approximately 4 mass % of Mn was added into the cast  
iron to obtain metastable austenite because of the stress -induced 
martensite transformation effect  which will increase the wear resistance 
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[1]. The target chemical composition is shown in Table 2 -1.  
50 kg of raw material was melted in a high frequency induction furnace 
at 2023 K and was then poured into a sand mold 125 mm in length and a 
Y-shape with a 53 × 113 mm cross section after spheroidization treatment 
by 1 mass % nodularizer (95 mass % Ni, 5 mass % Mg). Cut th e riser of 
the Y-block and then mechanically machined the materials into flat  plates 
with dimensions of 50 × 50 × 10 mm to be used as erosive wear specimens.   
Since the microstructure of as -cast  state cast irons was pearlite or pearlite -
austenite matrix wi th some martensite in 5V-0Cr and 5V-4.5Cr. 
Proeutectoid cementite was also presented as Widmanstatten lamellae in 
the structure of 5V-0Cr which was not desirable [1]. To obtain metastable 
austenite matrix and homogenize the microstructure, heat  treatment w as 
then performed on the specimens . The condition of heat treatment was air-
cooling after maintaining the specimens for 2 h at  1253 K. It  was selected 
according to the previous unpublished research report which the material 
showed the best abrasive wear resistance at room temperature [2].  
 
2. 2. 2 Experimental method  
2. 2. 2. 1 Microstructure analysis  
 Microstructure of the experimental materials was observed after etching 
by 3% nitric acid-ethanol by using an Optical Microscope (OM, ECLIPSE 
MA200, Nikon, Japan).  Scanning Electron Microscopy (SEM, JSM -6510A, 
JEOL, Japan) and Energy Dispersive Spectroscopy (EDS, JED -2300, JEOL, 
Japan) were used to observe the shape of the carbides and investigate the 
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type and area ratio of carbides.  The area ratio of carbide s in the matrix 
was measured by perform binarizing on each photo taken by SEM under 
400X magnification. The average value of 5 different photos by 
calculating the area ratio of the black areas using image processing 
software was recognized as the area rati o of carbides.   
 
2. 2. 2. 2 Hardness measurement  
 Vickers hardness of the experimental materials was conducted using an 
AVK-HF type high temperature hardness testing machine (Mitutoyo , 
Japan).  A photograph of this machine is shown in Fig. 2 -1. Specimens were 
prepared to be dimension of 7.0 × 7.0 × 5.0 mm, and test surfaces of the 
specimens were polished before each test. Test temperatures were room 
temperature (R.T.),  873±5 K and 1173± 5 K (which were consistent with 
the erosion test temperature).  Argon gas was blown into the chamber to 
restrict oxidation of the test surface. In each test, hardness was tested at  
7 locations using a diamond indenter after maintaining the specimen at a 
certain temperature for 5 min. The test load was 98 N and the loading time 
was 10 s. Hardness value was calculated according to diagonal measured 
at test  temperature.   
 
2. 2. 2. 3 Evaluation of erosive wear characteristics  
 A high temperature erosion test  machine was used in the present study. 
It  was designed in 2008 to investigate erosive wear characteristics at  
elevated temperature and the details of this machine have been introduced 
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specifically in papers [3-5]. A schematic diagram of the high temperature 
erosion test  machine is shown in Fig. 2 -2. The advantage of this machine 
is that it  has three furnaces which can control temperature of specimen, 
impact particles and air separately to reproduce different working 
environment faithfully.   
Specific experimental conditions of erosion tests in Chapter 3 are shown 
in Table 2-2. In order to keep the sphericity and uniformity of size,  
commercial  alumina balls (purity 92%, Sintokogio, LTD) were used as 
impact particles due to their  high hardness (1140 HV) and high melting 
point  (2345 K) which make deformation or fracturing at  elevated 
temperature difficult . Since the diameter of the nozzle of the erosion 
machine is 6 mm, to keep the flow rate stable and keep the alumina balls 
go through the nozzle smoothly, the smallest size of the commercial  
alumina balls (average size 1.16 mm) was selected. The photograph of 
alumina balls taken by SEM is shown in Fig. 2 -3 (a).  During erosion test , 
alumina balls were heated to 873 K or 1073 K and sh oot on the surface of 
specimen (heated to 873 K or 1173 K) by hot air (heated to 773 K) at the 
velocity of 100 m/s (particle velocity about 30 m/s). Each shoot, 800 g of 
alumina balls were heated and impacted on the specimen. And then, 
another 800 g of alumina balls were added into the particle furnace to be 
heated (heating t ime: about 30 min). This process was repeated for ten 
times which made the total  particle loading 8 kg. According to the 
previous researches such as [4], steels showed an impact angle d ependency 
like ducti le materials that erosion rates would show maximum value at 
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lower impact angles, such as 30 deg.,  due to the reduction of matrix 
hardness at elevated temperature. Therefore, in the present research, 
erosion tests were only conducted at  30 deg. to compare the largest  erosion 
rates of all experimental  materials.  
The mass of the test specimen was measured by an analytical  electronic 
balance (GH-300, A&D, Japan) with a minimum unit mass of 0.1 mg before 
and after each erosion test  to calculate the mass loss of the material . To 
judge the erosive wear properties of materials with varying densities,  
volumetric removal divided by the total feed of impact part icles gave the 
erosion rate [6].  
Erosion rate (cm3/kg) =
Volumetric removal per second (cm3/s)
Mass amounts of impact particles per second (kg/s) 
 
Volumetric removal per second (cm3/s) =
Erosion mass loss per second (g/s)
Density of specimen (g/cm3)
 
Because the materials are easily oxidized at elevated temperature, and 
the oxidation amount is  a problem to be considered in carrying out the 
high temperature erosive wear test . The mass gain due to oxidation and 
the mass loss due to the erosive wear were confused, and accurate erosion 
rate cannot be calculated. Therefore,  high tempera ture oxidation test is 
necessary to revise the results of the erosion rate.  
Oxidation test was performed at  873 K or 1173 K for 6 h, which was 
consistent with the erosion test conditions. The mass of the test specimen 
was measured before and after each ox idation test  to calculate the mass 
(2-1) 
(2-2) 
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gain of the material and the oxidation rate.  Erosion mass loss was revised 
by the mass gain due to oxidation as shown in the following formula:   
Erosion mass loss (g) 
= Mass loss (g) + Oxidation rate (g/mm2) × Surface area (mm2) 
Erosion scarring of the worn surface and a vertical section of the most 
eroded portion were observed to determine the possible erosion 
mechanisms.  
 
2. 3 Fe-C-Cr-Mo-W-Nb based multi-component cast  iron  
2. 3. 1 Production method 
 Three kinds of multi-component cast irons with approximately 2 mass % 
of C, 5 mass % of Cr,  Mo, W, Nb and 0, 3 or 5 mass % of Ni were prepared 
as experimental  materials used in Chapter 4 (abbreviated as 5Nb -0Ni, 
5Nb-3Ni and 5Nb-5Ni). The target chemical compositio ns are shown in 
Table 2-3.  
50 kg raw materials were melted by high frequency induction furnace 
and then were poured into a sand mold with 120 mm in length and a Y-
shape of 55 × 115 mm in cross section. Cut the riser of the Y-block and 
then machined the materials into 50 × 50 × 10 mm to be used as erosive 
wear specimens. In order to strengthen the matrix by secondary hardening 
with secondary carbides, experimental materials were conducted heat 
treatment after the specimens were prepared.  
The heat treatment  condition of 5Nb-0Ni was selected according to the 
previous study which the specimens had shown the highest  hardness [7]: 
(2-3) 
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(1) annealing by furnace cooling (F.C.) after keeping the specimens at 
1223 K for 3 h;  (2) quenching by forced air cooling (F.A.C.) a fter keeping 
the specimens at 1323 K for 1 h; (3) tempering by air cooling (A.C.) after 
keeping the specimens at 798 K for 3 h.  
However,  this heat treatment condition was not perfect  for material  
5Nb-3Ni and 5Nb-5Ni. With Ni addition, austenite was stabil ized and it 
retained in the matrix instead of changing into martensite,  resulting in the 
lack of hardness.  Therefore,  the suitable heat treatment condition for 
material  5Nb-3Ni and 5Nb-5Ni was investigated in this study.  
High performance muffle furnace (see Fig. 2-4) was used to investigate 
the quenching temperatures. Materials were cut into 10 × 10 × 15 mm as 
investigation specimens. They were kept at the certain quenching 
temperature which was 1123 K, 1373 K or 1423 K for 1 h,  and then cooling 
by forced air cooling, air cooling or furnace cooling [8, 9].  Microstructure 
and hardness was investigated to help select the suitable condition.  
 
2. 3. 2 Experimental method  
2. 3. 2. 1 Microstructure analysis  
 Microstructure of the experimental materials was obser ved after etching 
by 3% nitric acid-ethanol by using an Optical Microscope (OM, ECLIPSE 
MA200, Nikon, Japan).  Scanning Electron Microscopy (SEM, JSM -6510A, 
JEOL, Japan) and Energy Dispersive Spectroscopy (EDS, JED -2300, JEOL, 
Japan) were used to observe the shape of the carbides and investigate the 
type and area ratio of carbides.  The area ratio of carbides in the matrix 
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was measured by perform binarizing on each photo taken by SEM. Photos 
of eutectic carbides were taken under 400X magnification and seconda ry 
carbides were taken under 4000X magnification. The average value of 5 
different photos by calculating the area ratio of the black areas using 
image processing software was recognized as the area ratio of carbides.  
 
2. 3. 2. 2 Hardness measurement  
 Vickers hardness of the experimental materials was conducted using an 
AVK-HF type high temperature hardness testing machine (Mitutoyo, 
Japan).  Specimens were prepared to be dimension of 7.0 × 7.0 × 5.0 mm, 
and test surfaces of the specimens were polished befor e each test. Test  
temperatures were room temperature (R.T.), 573 K, 873 K and 1173±5 K 
(which were consistent with the erosion test  temperature).  Argon gas was 
blown into the chamber to restrict oxidation of the test surface. In each 
test , hardness was tes ted at 7 locations using a diamond indenter after 
maintaining the specimen at a certain temperature for 5 min. Test load was 
98 N and loading time was 10 s.  Hardness was calculated according to 
diagonal measured at  test temperature.   
 
2. 3. 2. 3 Evaluation of erosive wear characteristics  
 A high temperature erosion test  machine was used in the present study. 
Specific experimental conditions of erosion tests in Chapter 4 are shown 
in Table 2-2. During erosion test, alumina balls were heated to 1073 K and 
shoot on the surface of specimen (heated to 1173 K) by hot air (heated to 
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773 K) at the velocity of 100 m/s (particle velocity about 30 m/s).  Each 
shoot, 800 g of alumina balls were heated and impacted on the specimen. 
And then, another 800 g of alumina balls  were added into the particle 
furnace to be heated (heating t ime: about 30 min). This process was 
repeated for ten times which made the total particle loading 8 kg. Impact 
angle was 30 deg., 60 deg. and 90 deg. , separately.   
The evaluate method of erosive wear characteristics is  the same as 
stated in section 2.2.2.3 using erosion rates .  Erosion scarring of the worn 
surface and a vertical section of the most eroded portion were observed to 
determine the possible erosion mechanisms.  
 
2. 4 Fe-C-Cr-Mo-W-V-Co based multi -component cast iron  
2. 4. 1 Production method 
Nine kinds of multi -component cast  irons with approximately 1.0,  1.5 
or 2.0 mass % of C, 5 mass % of Cr, Mo, W, V, Co and 0,  5 or 10 mass % 
of Ni were prepared as experimental  materials used in Chapt er 5 
(abbreviated as 1.0C-0Ni, 1.5C-0Ni, 2.0C-0Ni, 1.0C-5Ni, 1.5C-5Ni, 2.0C-
5Ni,  1.0C-10Ni, 1.5C-10Ni and 2.0C-10Ni). The target chemical 
compositions are shown in Table 2 -4.  
50 kg of raw material was melted in a high frequency induction furnace 
at 1913 K and was then poured into a sand mold 125 mm in length and a 
Y-shape with a 53 × 113 mm cross section. Cut the riser of the Y-block 
and then mechanically machined the materials into flat plates with 
dimensions of 50 × 50 × 10 mm to be used as erosive wear specimens.   
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2. 4. 2  Experimental method  
2. 4. 2. 1 Microstructure analysis  
 Microstructure of the experimental materials was observed after etching 
by 3% nitric acid-ethanol by using an Optical Microscope (OM, ECLIPSE 
MA200, Nikon, Japan).  Scanning Elect ron Microscopy (SEM, JSM-6510A, 
JEOL, Japan) and Energy Dispersive Spectroscopy (EDS, JED -2300, JEOL, 
Japan) were used to observe the shape of the carbides and investigate the 
type and area ratio of carbides.  The area ratio of carbides in the matrix 
was measured by perform binarizing on each photo taken by SEM under 
400X magnification. The average value of 5 different photos by 
calculating the area ratio of the black areas using image processing 
software was recognized as the area ratio of carbides.   
 
2. 4. 2. 2 Hardness measurement  
 Vickers hardness of the experimental materials was conducted using an 
AVK-HF type high temperature hardness testing machine (Mitutoyo , 
Japan).  Specimens were prepared to be dimension of 7.0 × 7.0 × 5.0 mm, 
and test surfaces of the specimens were polished before each test. Test  
temperatures were room temperature (R.T.) and 1173±5 K (which were 
consistent with the erosion test temperature ). Argon gas was blown into 
the chamber to restrict oxidation of the test surface. In each test, hardness 
was tested at 7 locations using a diamond indenter after maintaining the 
specimen at  a certain temperature for 5 min. Test load was 98 N and 
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loading t ime was 10 s. Hardness was calculated according to diagonal 
measured at test temperature.  
 
2. 4. 2. 3 Evaluation of erosive wear characteristics  
 A high temperature erosion test  machine was used in the present study. 
Specific experimental conditions  selected in erosion tests of Chapter 5 are 
shown in Table 2-2. Irregular alumina grit with an average diameter of 
0.85~1.18 mm and hardness of 1250 HV was used as impact part icles. The 
photograph of alumina grits  taken by SEM is shown in Fig. 2 -3 (b).  During 
erosion test,  alumina grits  were heated to 1073 K and shoot on the surface 
of specimen (heated to 1173 K) by hot air (heated to 773 K) at  the velocity 
of 100 m/s (particle velocity about 30 m/s).  Each shoot, 500 g of alumina 
grits were heated and impacted on  the specimen. And then, another 500 g 
of alumina grits were added into the particle furnace to be heated (heating 
time: about 30 min).  This process was repeated for four times which made 
the total  part icle loading 2 kg. Impact angle was 30 deg. to compare  the 
largest erosion rates of all  experimental materials.   
Oxidation test  was performed at  1173 K for 3.5 h,  which was consistent 
with the erosion test conditions. The evaluate method of erosive wear 
characteristics is  the same as stated in section 2.2.2.3  using erosion rates .  
Erosion scarring of the worn surface and a vertical section of the most 
eroded portion were observed to determine the possible erosion 
mechanisms.  
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2. 5 Summary of Chapter 2 
In this chapter,  the production method of fifteen types of multi-
component cast irons which were used for erosion tests in this thesis were 
described. Experimental methods of the analysis of microstructure,  
measurement of hardness,  investigation of crystall ized or precipitated 
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Fig. 2-1 High temperature Vickers hardness testing machine  









Fig. 2-2 Schematic diagram of high temperature erosion test machine  
  
































































Vickers Hardness: 1140HV 1  
Average particle size: 1.16mm 
(a) Alumina balls  
 
 
Vickers Hardness: 1250HV 1  
Part icle size:  0.85~1.18 mm 
(b) Alumina grits  
Fig. 2-3 Impact particles  
 
  









































































































Fig. 2-4 High performance muffle furnace  
  






































































































Erosive wear characteristics of Fe-C-Mn-Cr-V 
based multi-component cast iron  
at elevated temperature 
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Chapter 3 Erosive wear characteristics of Fe -C-Mn-Cr-V based multi -
component cast iron at elevated temperature  
 
3. 1 Introduction 
 Previously developed high V-Cr-Ni stainless spheroidal carbide cast 
iron (SCI-VCrNi: 10 mass% V, 18 mass% Cr and 8 mass% Ni) was proven 
as an excellent wear and thermal resistant material [1,  2].  In the matrix of 
SCI-VCrNi, uniformly dispersed spheroidal vanadium carbides (VCs) 
were considered as the main contributor to the wear resistance 
improvement, because the stress and deformation caused by particle 
collisions could be dispersed or suppressed by the spheroidal crystallized 
carbides. However,  the production cost  of this material is  expensive 
because of the high content of V, Cr and Ni, which limited its practical 
application. To balance the production cost and wear performance, new 
materials with reduced V, Cr and Ni content in SCI -VCrNi were designed 
and the properties of these materials were investigated. They all  showed 
good resistance to erosive and abrasive wear at  room temperature [3 -6]. 
However,  the erosive wear performance of these materials at  elevated 
temperature has not been reported or investigated yet.   
For the above reasons, the purpose of this chapter was to evaluate the 
high temperature erosive wear performance of Fe -C-Mn-Cr-V based multi -
component cast irons produced in Chapter 2 after modification by heat 
treatment and elucidate the erosion mechanisms.  
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3. 2 Microstructure of experimental materials  
 Three types of heat treated multi -component cast irons with addition of 
approximately 5 mass % V, 0, 4.5, 9 mass % Cr and 4 mass % Mn  produced 
in Chapter 2 were used as experimental materials (abbreviated as 5V-0Cr, 
5V-4.5Cr and 5V-9Cr). The actual chemical composition of the 
experimental  materials is  shown in Table 3 -1. Since the spheroidizing 
agent was 1 mass% nodularizer (95 mass % N i, 5 mass % Mg) and the 
cover agent was ferroalloy Fe-Si.  Mg (magnesium) with a low boiling 
point  of 1363 K was burning down during the spheroidization treatment 
by sandwich method, leaving the remaining Ni and Si in the cast iron.  
The microstructure of the experimental materials is shown in Fig. 3 -1. 
According to the X-ray diffraction result described in the previous 
research paper [5], the matrix can be identified as austenite.  Comparing to 
the microstructure of as-cast  state cast iron which was pearlite  or pearli te-
austenite matrix with some martensite in 5V-0Cr and 5V-4.5Cr [4], the 
matrix all  changed into austenite due to the heat treatment. After keeping 
the specimens at  the temperature of 1253 K for 2 h,  al l the pearli te or 
martensite changed into austenite, with total proeutectoid cementite 
dissolution. In the following cooling process, austenite transformation was 
suppressed and metastable austenite remained in the matrix.  
From Fig. 3-1,  it  can also be seen that  specimens with different Cr 
content contained carbides with different shapes (spheroidal,  rectangular, 
petal-shaped, plate-shaped, lamellar-shaped, etc.). EDS surface analysis 
was conducted, and the mapping results are shown in Fig. 3 -2.  There were 
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remarkable amounts of V and C revealed in t he spheroidal, rectangular and 
petal-shaped areas for each specimen. Additionally,  for the 5V-4.5Cr and 
5V-9Cr samples, there were also remarkable amounts of Cr and C revealed 
in the lamellar-shaped areas in which carbides were separated by the 
matrix. For the 5V-0Cr sample,  Fe,  Mn and C were also present in the large 
plate-shaped areas where the portion of the matrix was embedded into the 
carbides.  According to the li terature [3 -6], carbides are denoted by the 
arrows in Fig. 3-3. The spheroidal and petal -shaped carbides in all samples 
were confirmed as VC carbides.  The lamellar -shaped carbides in the 5V-
4.5Cr and 5V-9Cr samples were confirmed as M 7C3  ((Fe, Cr, Mn)7C3) 
carbides. In addition, the plate -shaped carbides in the 5V-0Cr sample were 
confirmed as M3C ((Fe, Mn)3C) carbides.   
 
3. 3 Measurement of area ratio of carbide  
The area ratio of different carbides in the structure was measured by 
SEM. The average value was calculated using the results of 5 different 
areas under 400X magnification. The results ar e shown in Fig.  3-4.  When 
the Cr content increased from 0 to 9 mass%, the sum area ratio of carbides 
increased from 16.4% to 20.7%. Among them, the area ratio of M 7C3  
carbides increased significantly from 0 to 17.6%, however, the VC 
carbides’ area ratio decreased slightly from 6.5% to 3.1%. This was 
because that  with Cr addition Cr/C ratio in the matrix exceeded the critical  
value to promote M7C3  carbides formation. The area ratio of M 3C carbides 
was 9.9% in the 5V-0Cr sample, while very few M 3C carbides were 
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observed in the 5V-4.5Cr and 5V-9Cr samples. The reason of preventing 
cementite formation can be attributed to the interaction of carbon with Cr, 
resulting in the emergence of M 7C3  carbides, left  very lit tle “free” carbon 
in the matrix. Indeed, area rat io of M7C3  carbides increased at  expense of 
not only M3C but also VC carbides as Cr addition was increased, however, 
it  is not suggested that Cr is more competitive than V to attract carbon. In 
fact , V and Cr are both element with strong carbide -forming ability.  With 
Cr addition, the competitive interaction of Cr and V happened in the 
molten iron during carbide formation. They replaced each other in VC and 
M7C3  carbides, resulting in M 7C3  carbides enriched with V, and VC 
carbides enriched with Cr.  This evidence can be observed in the EDS 
mapping results of Fig. 3-2.  The detailed phase chemical composition has 
been described in the previous research paper [4], V enriched in M 7C3  
carbides was up to 14.6 mass % and Cr enriched in VC carbides was up to 
7.03 mass %. 
 
3. 4 High temperature Vickers hardness  
Vickers hardness of the experimental materials was conducted at  room 
temperature (R.T.), 873 K and 1173 K. The results of the average of 7 
values are il lustrated in Fig. 3 -5. It is  obvious that the hardness of al l the 
materials decreased significantly with increasing temperature, especially 
at 1173 K. Additionally,  with increasing of Cr addition, hardness improved 
from 253 HV1 0  to 285 HV1 0  at 873 K. Due to the oxidation of the material,  
calculation of the hardness  of the 5V-0Cr sample at 1173 K failed, while 
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the hardness was decreased to 118 HV 1 0  for the 5V-4.5Cr sample and to 
141 HV1 0  for the 5V-9Cr sample. Materials with 9 mass% Cr content 
showed the highest values at all  temperatures. This result  is consistent 
with the carbide area ratio results.  The dispersion of carbides with higher 
hardness in the matrix enhanced the structure of the material  and increased 
the hardness.  It  can be expected that  the enhanced structure will  also be 
stronger and better able to withstand the particle impact.   
 
3. 5 High temperature erosive wear performance and discussion  
Erosion test results of the experimental materials at 873 K and 1173 K 
are illustrated in Fig. 3-6.  All materials exhibited good erosive wear 
resistance at 873 K. In addition, when Cr content increased from 0 to 9 
mass %, a smooth decrease from 2.74×10 -3  to 1.86×10 -3  cm3 /kg was 
observed in the erosion rate, which indicated that the erosive wear 
performance was improved by approximately 32.1%. When the 
temperature was  increased to 1173 K, erosion rates increased dramatically 
to 24.28×10 -3  cm3 /kg for material  5V-0Cr, 12.36×10 -3  cm3 /kg for material 
5V-4.5Cr and 8.47×10 -3  cm3 /kg for material  5V-9Cr. There was a sharp 
decrease in erosion rates with increasing Cr content an d the material 5V-
9Cr showed the best  erosive wear performance, which was improved by 
approximately 65.1% compared to the material  5V-0Cr and was also about 
double that of the material SCI-VCrNi (16.97×10 -3  cm3 /kg) [2].  
Since the most influential factors for erosion of the target materials at 
elevated temperatures were the matrix properties (microstructure, 
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hardness, matrix strength, etc.) and oxidation rate, I will discuss the 
erosive wear characteristics  based on these two aspects.   
 
3. 5. 1 Effect  of matrix status on erosion rate  
According to previous studies [7, 8],  stainless steels were softened at 
elevated temperature, showing erosive wear properties similar to ductile 
materials and cutting wear was remarkable. To analyze the erosive wear 
mechanism in the present study, the eroded surfaces of specimens were 
observed after the erosion tests. Then, the samples were cut along the 
center line of the impact direction to observe the cross sections of the most 
eroded portion of the specimens.  
Fig. 3-7 illustrates the cross sections near the most eroded surfaces of 
experimental  materials at 873 K. It  can be seen that  the cross sections 
along the impact direction were similar and flat  (Fig. 3 -7 (a)). There were 
no clear rugged or uneven portions. From enlarged  view of Fig. 3-7 (b), 
however, the differences can be observed. The eroded surface of 5V-0Cr 
had a saw tooth shape (highlighted by the red circle),  while for 5V-4.5Cr 
and 5V-9Cr, the eroded surfaces were relatively flat,  and the saw tooth 
shape was not present.  Instead, the deformation of the M 7C3  carbides or in 
other words “M7C3  carbides flow together with the matrix” due to the 
impact of eroded particles can be observed.   
Considering that  the Vickers hardness of the experimental materials at  
873 K was approximately 250~290 HV, the matrix maintained enough 
strength to resist the impact of particles.  The differences in eroded 
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surfaces between 5V-0Cr with 5V-4.5Cr and 5V-9Cr can be ascribed to the 
morphology of eutectic carbides.  The specimens were deep etched by 3% 
nitric acid alcohol solution (nital) for 50 h to observe the morphology of 
eutectic carbides. The deep etched microstructures of M 3C and M7C3 
carbides are shown in Fig.  3-8.  It  can be seen that  M3C carbide is  in a 
continuous plate form with some holes in the body. However, M7C3  carbide 
is in a relatively discontinuous form (a colony structure of some separate 
long shaped rod-like or blade-like crystals which is often described as 
lamellar, see Fig. 3-8 (b)) [9-11]. Matrix distributed in the gap of  the 
discontinuous M7C3  carbide makes its toughness better than the continuous 
M3C carbide. During the impacting process, the brittle and fragile M 3C 
carbides in the matrix of 5V-0Cr were difficult  to deform and easily 
fractured or peeled off from the matr ix due to cutting wear,  leaving 
notched dimples (see Fig. 3-7 (b) 5V-0Cr). In comparison, M 7C3  carbides 
in 5V-4.5Cr and 5V-9Cr with relatively improved toughness and flexibility 
distributed uniformly in the matrix and could be deformed or flowed with 
the matrix by the force of cutt ing wear (see Fig. 3 -7 (b) 5V-4.5Cr and 5V-
9Cr). The deformation of the carbides absorbed some of the kinetic energy 
of the particle impact, and they displayed a relatively higher resistance to 
erosive wear [12].  
Fig. 3-9 illustrates the cross sections near the most eroded surfaces of 
experimental materials at 1173 K. Ripple patterns can be easily seen in  
Fig. 3-9 (a). From the enlarged view in Fig. 3 -9 (b),  protrusions can also 
be observed, and the protrusions were longer in 5V-0Cr than that  in 5V-
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4.5Cr and 5V-9Cr.  
At 1173 K, the hardness of the materials decreased to approximately 
110~140 HV, and they displayed ductile characteristics. During the erosion 
process, after the impact of particles, plastic deformation occurred on the  
test  surface and the protrusions were formed. The protrusions extended 
further and were fractured by the impact of subsequent particles [7].  The 
fractured protrusions were finally peeled off from the surface resulting in 
the increase of erosion rates. The  lower the material strength, the stronger 
the plastic flow, and the wave length and the protruding portion were 
larger, resulting in greater material loss. In the materials 5V-4.5Cr and 
5V-9Cr, the evenly dispersed M 7C3  carbides enhanced the matrix of the  
material  and successfully controlled the plastic deformation of the surface,  
thus,  displaying higher resistance to the erodent by impacting particles.   
Surface observation of the specimens after the erosion tests at 1173 K 
is shown in Fig. 3-10. Clear ripple patterns were observed in every 
specimen transverse to the impact direction. However,  ripple patterns 
became shallower with the increasing Cr content,  which indicated reduced 
material  loss.  From the enlarged view of the most eroded portions,  long 
extended portions were easily observed in material 5V-0Cr, and cracks 
were also found at the roots of the protrusion. However, in material 5V-
4.5Cr, the elongation of the protrusion decreased, and very little 
elongation of the protrusion was found in  material  5V-9Cr. In contrast, the 
plowing phenomenon was more evident in material 5V-9Cr, indicating a 
higher resistance to plastic deformation and material  loss.  Therefore,  
- 50 - 
 
material 5V-9Cr with the highest carbide area ratio (especially M 7C3  
carbides) and the highest hardness showed the best resistance to erosive 
wear at 1173 K.  
 
3. 5. 2 Effect  of oxidation on erosion rate  
In the evaluation of material performance, oxidation is inevitable at 
elevated temperatures. The surface state and thickness of the oxidation 
layer affect the evaluation of erosive wear performance by tribo -corrosion 
synergism [13-15].  Thus, the oxidation effect on erosion rate was 
investigated.  
Surface observation of experimental  materials after oxidation tests at 
873 K and 1173 K are shown in Fig. 3-11. At 873 K, materials with 
different compositions all showed good thermal resistance. The surface 
status was almost identical compared to the samples before testing, and 
very few oxide scales were observed on the surfaces of the cross s ection. 
There were also no differences for the matrix and carbides after the 
oxidation tests.  Additionally,  the mass gain of the samples was too small 
to affect the erosion rate results (oxidation rate was less than 0.1×10 -4  
g/mm2).  Therefore,  there was no  need to consider the influence of 
oxidation on erosion rates at 873 K.  
When the temperature increased to 1173 K, the reaction of the oxidation 
process intensified, and spall ing of the oxide scale was observed in several 
portions of material 5V-0Cr (see Fig. 3-11).  This phenomenon was reduced 
with the addition of Cr.  Oxidation rates of the experimental  materials at 
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1173 K are shown in Fig. 3-12. The oxidation rate was 1.216×10 -4  g/mm2 
for material  5V-0Cr. With the addition of Cr, the oxidation rate was 
reduced to 0.854×10 -4  g/mm2  for material  5V-9Cr, which was 
approximately reduced by 30%.  
Fig. 3-13 shows the EDS cross sectional observation of the oxide scales 
of the experimental  materials at  1173 K. The notable presence of Fe, O, V 
and Cr revealed that oxides were formed at the experimental temperature.  
It  has also been confirmed that the average th ickness of oxidation scales 
for material 5V-0Cr was approximately 150 μm, while with the addition of 
Cr, it  was reduced to approximately 90 μm for material 5V-4.5Cr and 
approximately 60 μm for material 5V-9Cr, which is similar to the normal 
thickness of other multi-component white cast irons used as thermal and 
wear-resistant materials [16]. In addit ion, it  can also be seen that for 
materials 5V-4.5Cr and 5V-9Cr, the matrix with M 7C3  carbides present 
showed clear resistance to oxidation, indicating that oxi dation could be 
controlled by the higher Cr content dissolved into the matrix. Therefore, 
material  5V-9Cr with the best  thermal resistance also showed the best  
erosive wear performance.   
 
3. 6 Summary of Chapter 3 
In this chapter, erosive wear performance of multi-component cast irons 
with approximately 0, 4.5, 9 mass % Cr, 5 mass % V and 4 mass % Mn 
was investigated at 873 K and 1173 K after heat treatment.  The following 
conclusions were made.  
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(1) The addition of Cr promoted the formation of carbides, esp ecially 
M7C3  carbides, which were effective in enhancing the matrix 
strength of the material  to improve the erosive wear performance. 
Cr dissolved in the matrix also helped control the formation of 
oxides,  resulting in improved thermal resistance of the ma terial.  
(2) Experimental materials showed good thermal resistance and 
excellent erosive wear performance at  873 K. At 1173 K, the 
damage due to erosive wear became severe. The decreased hardness 
caused the material  to display ductile characteristics. With  the 
addition of Cr,  erosive wear performance of the material 5V-9Cr 
improved by approximately 65.1% compared to the material 5V-
0Cr, due to increased matrix strength and decreased oxidation.  
(3) 5V-9Cr may be used as a thermal and erosive wear -resistant 
material  due to its  relatively higher performance compared to the 
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Fig. 3-1 Microstructure of the experimental  materials  
  


























































































































Fig. 3-4 Area ratio of carbides of the experimental materials  
  











Fig. 3-5 Vickers hardness of the experimental materials  
at elevated temperature  
  









Fig. 3-6 Erosion rate as a function of Cr content of the  
experimental materials at an impact angle of 30 deg.  
  





(a)  Cross section observed along the impact direction  
 
 
(b)  Cross section observed at  high magnification  
 
Fig. 3-7 Observation of cross sections of the specimens after  
erosion tests at 873 K 
 
  










(a) Continuous plate form M 3C carbides in 5V-0Cr material  
 
 
(b) Discontinuous lamellar form M 7C3  carbides in 5V-9Cr material  
 
Fig. 3-8 Deep etched microstructures of M 3C and M7C3  carbides  
 
  





(a)  Cross section observed along the impact direction  
 
 
(b)  Cross section observed at  high magnification  
 
Fig. 3-9 Observation of cross sections of the specimens after  
erosion tests at 1173 K 
  












Fig. 3-10 Surface observation of the specimens after  
erosion tests at 1173 K 
  











Fig. 3-11 Surface observation of the specimens after oxidation tests  
at 873 K and 1173 K 
 
  











Fig. 3-12 Oxidation rate as a function of Cr content of the  
experimental materials at 1173 K  
  













Fig. 3-13 EDS observations of the oxide scales of the  
experimental materials at 1173  K 
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Chapter 4 Influence of Ni addition on erosive wear characteristics of Fe -
C-Cr-Mo-W-Nb based multi -component cast  iron at  elevated 
temperature 
 
4. 1 Introduction 
Multi-component cast irons with the addition of carbide forming 
elements such as Cr, Mo, W and Nb have been proved to exhibit good 
resistance to erosive and abrasive wear due to the retention of hardness by 
carbides dispersed in the matrix , even at elevated temperature  [1,  2].  In 
order to further improve the amount of carbides in the matrix, the 
influence of other elements such as Ni was taken into account. Ni is known 
as having an effect of improving the hardenabili ty and heat resistance of 
the heat-treated steel  and multi -component cast irons [3]. Moreover, even 
though Ni will not form carbides to remain the hardness directly, it  will 
be preferentially dissolved into the matrix compared to the other carbide 
forming elements such as Cr and Mo to encourage the carbide formation 
by these carbide forming elements during crystallization [4]. And the 
improvement of erosive wear characterist ics can be expected.  
Therefore, in this chapter,  0,  3,  5 mass % of Ni were added into Fe -C-
Cr-Mo-W-Nb based multi -component white cast  iron and the influence of 
Ni on erosive wear characteristic was investigated at  elevat ed temperature. 
The chemical compositions of experimental materials which abbreviated 
as 5Nb-0Ni, 5Nb-3Ni and 5Nb-5Ni are as shown in Table 4 -1.   
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4. 2 Investigation results of heat  treatment condition  
To get martensite transformation and achieve more seco ndary carbides, 
high performance muffle furnace was used to investigate the quenching 
temperature and cooling method of multi -component cast  iron with Ni 
addition. Microstructure of specimens after quenching tests is shown in 
Fig. 4-1,  SEM photograph of specimens after quenching tests (×400) is 
shown in Fig. 4-2, SEM photograph and area ratio of secondary carbides 
of specimens after quenching tests (×2000) is shown in Fig. 4 -3.  The 
investigation results of heat treatment condition are summarized and 
shown in Table 4-2.  
As results, martensite was obtained in every specimen of 5Nb -3Ni and 
5Nb-5Ni which has been conducted quenching at 1123 K. At quenching 
temperature of 1373 K, however,  only furnace cooling specimen of 5Nb -
5Ni was obtained martensite.  In addit ion, from these results,  specimens of 
the forced air cooling after quenching at 1123 K showed the best heat 
treatment effects with the most area ratio of secondary carbides (over 
10%) and the highest Vickers hardness (have been increased about 300 ~ 
400 HV1 0  comparing to the hardness before quenching) for both materials.  
Thus, this heat  treatment condition has been decided for material 5Nb -3Ni 
and 5Nb-5Ni to process the erosive wear experiments.  
 
4. 3 Microstructure of experimental materials  
Microstructure observation results of experimental materials after heat 
treatment at certain condition are as shown in Fig. 4 -4. According to the 
- 71 - 
 
figure of microstructure, the matrix of all specimens changed into 
martensite. And the precipitation of secondary carbides c an be confirmed 
by microscopic observation figures. Additionally,  it  can also be seen that 
the amounts of carbides were increased. With the addition of Ni increased 
in the matrix, there is a slight increase in the amount of eutectic carbides 
from 18.40% to 20.37% and a sharp increase in the amount of secondary 
carbides from 4.43% to 22.97% for material  5Nb -0Ni and 5Nb-5Ni.  From 
the above, i t  can be inferred that  carbides formation was encouraged by 
adding Ni into the material.  
XRD was conducted to confirm the type of the carbides. The X-ray 
diffraction spectrums of experimental materials are as shown in Fig. 4 -5. 
As results,  austenite was changed into martensite for all the materials and 
there was also some retained austenite in the matrix. In addition, MC 
carbides for Nb (NbC), M 2C carbides for W and Mo (W 2C, Mo2C), M3C 
and M7C3  carbides for Cr (Cr3C and Cr7C3) were detected from the matrix.  
There was no difference in the type of carbides for different materials. 
Therefore, it  is proved that there is no infl uence of Ni on the type of 
carbide formation. Even though Ni will  not form carbides,  the carbide 
formation for Cr,  Mo and other carbide-forming elements was encouraged 
by adding Ni into the cast iron.  
 
4. 4 High temperature erosive wear performance  
Erosive wear test results of experimental materials at 1173 K are as 
illustrated in Fig.  4-6. As results,  all materials showed higher erosion rates 
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at low angle side of 30 deg. That is because the hardness was decreased at 
elevated temperature and the material w ith lower hardness will show the 
angle dependence of exhibiting higher erosion rates at lower angles like 
ductile materials, while this impact angle dependence was little. In 
addition, erosion rates were decreased with the addition of Ni.  Material 
5Nb-5Ni with the lowest erosion rate showed the best erosive wear 
resistance which was over twice of the material  without Ni addition.  
The observation of eroded surface of experimental  materials after 
erosion test  was conducted. According to Fig. 4 -7,  the ripple patterns can 
be observed from every experimental  specimen like ductile materials. 
Additionally,  with the increase of Ni content,  it  can be noticed that  the 
range of the eroded portions became small and the thickness of the ripple 
patterns became thinner from 204 μm for material  5Nb -0Ni to 170 μm for 
material  5Nb-3Ni and 70 μm for material  5Nb -5Ni. It  is  proved that Ni is 
effective to control  the plastic deformation of the material surface, 
resulting with the improvement of the erosive wear characteristics fo r 
multi-component white cast iron.  
 
4. 5 Discussion 
It  has been clear that  with Ni addition, the erosive wear characteristics 
of experimental materials has been improved. According to previous 
research, thermal resistant property and the matrix strength ar e two 
important standards to evaluate the erosive wear characteristics at elevated 
temperature. Comparing to the other elements, Ni is a heat resistance 
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element and the heat resistance property of the experimental  materials 
with Ni addition can be ensured.  Furthermore, the strengthening of the 
matrix even at elevated temperature can be expected due to the feature of 
Ni to encourage the carbides formation. Therefore, from these two points 
of view, we investigated the oxide film of specimens and also conducte d 
the Vickers hardness tests of experimental materials at elevated 
temperature of 573 K, 873 K and 1173 K.  
 
4. 5. 1 Observation of the oxide film   
Fig. 4-8 shows the observation results of the cross section of the oxide 
films by SEM. It  can be seen that  the thickness of the oxide film was 
almost the same. From the EDS mapping results of Fig. 4 -9, we can also 
observed that  oxide film was uniformly formed and there was no difference 
of different Ni content materials.  It  can be considered that all  of the 
experimental materials remained good heat resistance at  1173 K.  
 
4. 5. 2 High temperature Vickers hardness  test results  
The Vickers hardness of experimental materials at  elevated temperature 
was as shown in Fig. 4-10. As results, the hardness was decreased wi th the 
temperature increased. Especially at 1173 K, the hardness was only about 
25 ~ 30% of that at room temperature (R.T.). In additional, there was no 
significant differences among materials with different Ni addition at  R.T.,  
573 K and 873 K. However, a t 1173 K, the hardness showed an increase 
tendency with the addition of Ni.  The hardness of material 5Nb -5Ni was 
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about 40 HV higher than that of material 5Nb -0Ni.   
The reason of the increase of hardness at  1173 K was because that the 
influence of eutectic carbides became more important at 1173 K when it 
reached austenite region. In addition, the strengthening effect  of Co which 
dissolved in M7C3  carbides was more remarkable at higher temperatures. 
According to the reference [5], the difference of hardness w as less than 
100 HV for 0~3 % Mo addition materials at room temperature.  While with 
the temperature increased, the reduction of hardness was suppressed by 
the addition of Mo and the hardness of 3 % Mo addition material was about 
200 HV higher compared to 0  % Mo addition material at 873 K. These 
results proved that  the addition of Mo can suppress the hardness reduction 
of M7C3  carbides at elevated temperature and resist the softening of high 
chromium cast iron due to high melting point and large atomic radius of 
Mo, as well as the lattice distortion caused by alloy concentration.  
Therefore, the hardness was apparently increase d at  1173 K and the 
plastic deformation of the material  surface was suppressed by the 
increasing hardness.  Moreover, the evenly dispersed carbides can also 
reduce the impact angle dependency to exhibit  excellent erosive wear 
characteristics. Due to the higher area ratio of high hardness carbides and 
the highest  hardness at 1173 K, 5Nb -5Ni exhibited the most excellent 
resistance to erosive wear.   
From the above, it  can be inferred that by adding Ni into the material , 
Cr, Mo and other carbide-forming elements  were suppressed to be the solid 
solution in the matrix, instead, they were crystallized as the eutectic 
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carbides in the matrix. Secondary carbides were obtained due to the 
secondary hardening effect during the heat treatment. Attributed to the 
carbides of high hardness in the matrix, the retention of hardness is 
possible at 1173 K to suppress the plastic deformation of the experimental  
material surface and reduce the impact angle dependency.  It can be 
considered as the main reason of the improvement of ero sive wear property. 
Therefore, the addition of Ni was considered as an effective method to 
improve the erosive wear characteristics of Nb -containing multi -
component cast iron.  
 
4.6 Summary of Chapter 4 
In this chapter,  the influence of Ni addition on the erosive wear 
characteristics of the Nb-containing multi-component cast iron was 
investigated at  1173 K. The following conclusions could be made.  
(1) According to the investigation results of heat treatm ent condition, 
forced air cooling after quenching at 1123 K showed the best  heat 
treatment effects with the most area ratio of secondary carbides 
(over 10%) and the highest Vickers hardness for material 5Nb -
3Ni and 5Nb-5Ni.   
(2) With the Ni addition, area ratio of eutectic carbides and secondary 
carbides of the Nb-containing multi -component white cast  iron 
was increased due to the carbide forming elements being 
suppressed from dissolving into the matrix.  
(3)  With the feature of encouraging the carbide form ation and 
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remaining good heat resistance, Ni was proved to be effective to 
improve the erosive wear characteristics of Nb -containing multi -
component cast iron.  
(4) Due to the largest  area ratio of high hardness carbides and the 
highest hardness at 1173 K,  material 5Nb-5Ni exhibited the most 
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(a) 3 mass % Ni material  
 
 
(b) 5 mass % Ni material  
Fig. 4-1 Microstructure of specimens  after quenching tests  
  




(a) 3  mass % Ni material  
 
 
(b) 5  mass % Ni material  
Fig. 4-2 SEM photograph of specimens after quenching tests (×400)  
  




(a) 3 mass % Ni material  
 
 
(b) 5 mass % Ni material  
Fig. 4-3 SEM photograph and area ratio of secondary carbides  
 of specimens after quenching tests (×2000)   







Table 4-2 Investigation results of heat  treatment condition  





















F.A.C. 790 13.3 M, γ  789 15.3 M, γ  
A.C. 666 10.7 γ, M  684 8.29 γ, M  
F.C. 653 9.47 γ, M  636 8.67 γ, M  
1373 K 
F.A.C. 611 3.18 γ  624 2.11 γ  
A.C. 698 2.72 γ  573 1.98 γ  
F.C. 651 6.15 γ  839 6.91 M, γ  
1423 K 
F.A.C. 678 0 γ  431 1.14 γ  
F.C. 708 1.43 γ  602 0.90 γ  
(F.A.C.:  forced air cooling; A.C.: air cooling; F.C.: furnace cooling) 
(γ:  austenite, M: martensite)  
 
  












Fig. 4-4 Microstructure observation results of experimental materials  
 
  






























































Fig. 4-6 Erosion rate of experimental materials as a function of  






































   
Fig. 4-7 Surface observation of experimental materials after  
erosion tests at 1173 K, 30 deg.  
 
  












    
Fig. 4-8 SEM observation results of the cross section of oxide films   

















Fig. 4-9 EDS mapping results of the cross section of oxide fi lms  
after oxidation tests at 1173 K  
 
  










Fig. 4-10 Vickers hardness of experimental materials  
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Chapter 5 Influence of C content on erosive wear characteristics of Fe-
C-Cr-Mo-W-V-Co based multi -component cast  iron with 
different Ni addit ion at  elevated temperature  
 
5. 1 Introduction 
From the previous researches, it  has been known that carbides dispersed 
in the matrix help improve the erosive wear p roperty by contributing to 
maintaining the hardness of the material s at  elevated temperature [1-3]. 
And oxidation property also plays an important role in erosive wear 
property.  According to the previous investigation results of V or Nb -
containing multi -component cast iron [3], it  was maintained high hardness 
for both V and Nb-containing multi -component cast  irons at elevated 
temperature due to the carbides formation. And, Nb -containing multi -
component cast  iron showed good erosive wear performance at  1173 K. 
However,  multi -component white cast irons with V addition showed lower 
erosive wear property because of the effect of V in the promotion of 
oxidation by vanadium attack at high temperature. With the addition of 
heat  resistant element Co, a spinel  type o xides (CoCr2O4) was formed and 
V-containing multi -component cast  iron showed better erosive wear 
performance at 1173 K.  
According to the previous chapter,  with the feature of encouraging the 
carbide formation [4] and remaining good heat resistance, Ni was  proved 
to be effective to improve the erosive wear characteristics of Nb -
containing multi -component cast iron. Therefore, the improvement of 
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erosive wear characteristics of V ( -Co) -containing multi -component cast  
irons can also be expected by Ni addition .  
Furthermore, carbon (C) is  closely involved with the formation of 
carbides,  transformation properties of the matrix  structure and the 
toughness of material [5]. However,  there is no systematic investigation 
on the influence of C content on erosive wear resistance at elevated 
temperature.  In addit ion, the improvement of toughness due to low carbon 
is also expected.  
Therefore, in this chapter, high temperature erosive wear characteristics 
was investigated with the aim of developing further heat resistant and wear 
resistant materials by changing Ni addition and C contents in V ( -Co) -
containing multi -component cast  irons.  
 
5. 2 Microstructure of experimental materials  
Nine kinds of multi -component cast irons with addition of 
approximately 5 mass % of Cr, V, Mo, W, Co, as well as various Ni content 
of 0,  5, 10 mass % and C content of 1.0, 1.5, 2.0 mass % produced in 
Chapter 2 were used as experimental  materials (abbreviated as 1.0C-0Ni, 
1.5C-0Ni, 2.0C-0Ni,  1.0C-5Ni,  1.5C-5Ni, 2.0C-5Ni, 1.0C-10Ni,  1.5C-
10Ni, 2.0C-10Ni). The actual chemical composition of the experimental 
materials is  shown in Table 5-1.  
The microstructure and Vickers hardness of experimental materials are 
shown in Fig.  5-1. The matrix of 1.5C-0Ni and 2.0C-0Ni was bainite and 
austenite, while the matrix of the other materials was austenite.  The 
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hardness of all  experimental  materials were among 340~590 HV 1 0 .   
 SEM was conducted to calculate the carbide area ratio of experimental  
materials. SEM images are shown in  Fig. 5-2 and carbide area ratio of 
experimental materials is shown in Fig.  5-3. It can be seen that in all  
specimens, the carbide area ratio improved with the content of C increased. 
On the other hand, focusing on Ni addition, the carbide area ratio showed 
the same degree in the 1.0 mass % C materials, and 1.5 mass % C materials 
showed a tendency to increase with the increasing Ni addition. However, 
in the 2.0 mass % C materials, 2.0C -5Ni showed the highest area ratio of 
about 31.60 %.  
The types and shapes of carbides have been clarified in previous studies. 
Compared the results of SEM and EDS mapping results of experimental  
materials shown in Fig. 5-4, the reactions of V and C were noticeably 
observed in the granular or petal -shaped part of all experimental materials, 
which were confirmed as MC carbides mainly composed of V. In addition, 
reactions of W, Mo and Cr were observed in the needle -like and lamellar-
shaped portions,  which were confirmed as complex carbides of M 2C 
carbides mainly composed of W and Mo or M 7C3  carbides mainly 
composed of Cr.  There was no difference in type of carbides for materials 
with different Ni addition.   
 
5. 3 High temperature erosive wear performance  
5. 3. 1 Preliminary experiment  
  In the previous studies, the high temperature erosive wear specimens 
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were eroded by alumina balls.  In this chapter,  in order to save the usage 
amount of the impact particles and the experimental  duration, the use of 
alumina grit  instead of alumina ball  was made i nto consideration. The 
images of impact particles (alumina ball  and alumina grit) have already 
shown in Fig. 2-3.  
The preliminary experiments were conducted using Fe-C-Cr-Mo-W-V-
Co cast  irons . The experimental conditions of specimens eroded by 
alumina balls were the same as the former chapters which were described 
in Chapter 2. In each test , the initial  heating period of the specimen was 
about 2 h. And then, 800 g of alumina balls were heated and impacted on 
the specimen. After that , another 800 g of alumina balls were added into 
the particle furnace to be heated (heating t ime: about 30 min).  This process 
was repeated for ten times which made the total  part icle loading 8 kg  and 
the experimental  duration 7 h .  For the specimens eroded by alumina grits, 
the experimental  conditions were also described in Chapter 2. The init ial  
heating period of the specimen was about 2 h. In each shoot, 500 g of 
alumina grits  were heated and impacted on the specimen. And then, 
another 500 g of alumina grits were added into the particle furnace to be 
heated (heating time: about 30 min). This process was repeated for four 
times which made the total particle loading 2 kg  and the experimental 
duration 4 h .  
The erosion test results of the preliminary experiments of Fe-C-Cr-Mo-
W-V-Co cast irons using different impact  particles at 1173 K are shown in 
Fig. 5-5.  As results, erosion rates of materials eroded by different particles 
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show the same tendency in different C contents. However,  i t  can be 
obtained more obvious conclusions by less alumina amount and short 
experimental duration using alumina grit s  instead of alumina ball s .  
Therefore, in this chapter, alumina grit s were used as impact particles to 
investigate the erosive wear performance of experimental materials at 
elevated temperature. Specific experimental conditions were described in 
Table 2-2 of Chapter 2.   
 
5. 3. 2 High temperature erosive wear test results   
The high temperature erosive wear test results at impact angle of 30 deg. 
are shown in Fig. 5-6. As results, in experimenta l materials with the same 
amount of C content, the erosion rate decreased with the increase in Ni 
addition amount,  and 2.0C-10Ni showed about 2.6 times better high 
temperature erosion wear characterist ics than 2.0C -0Ni material. On the 
other hand, focusing on the C content,  erosion rates of 0 mass % Ni 
materials showed an increase tendency with the increase of C content and 
erosion rates of 5 mass % Ni materials showed the same value regardless 
of the C content. However, in 10 mass % Ni materials, erosion r ates 
showed a tendency to decrease with the increasing C content.   
In the previous studies,  the higher the carbide area ratio, the better 
resistance to erosive wear was exhibited. However,  the erosion rates has 
no correlation with the amount of carbides in  the experimental materials 
of this study. The investigation of factors other than the carbide area ratio 
is considered necessary. Therefore,  high temperature Vickers hardness 
- 95 - 
 
tests and oxidation characteristics of experimental materials were 
conducted at experimental temperature (1173 K).  
 
5. 4 High temperature Vickers hardness  
 Since it has a great influence on erosive wear characteristics of 
experimental materials at  elevated temperature, high temperature Vickers 
hardness was measured at  experimental temperature (1173 K). The results 
are shown in Fig. 5-7. It  can be seen that hardness tended to increase as 
the C content increased in all experimental  materials.  Focusing on the 
amount of Ni addition, the hardness of the 1.0 mass % C materials were 
all in the same degree (about 170 HV 1 0), and the hardness increased with 
the increase of Ni addition in the 1.5 mass % C materials from 185 HV 1 0  
to 205 HV1 0 .  In 2.0 mass % C materials,  however, 2.0C -5Ni showed the 
highest  hardness of 251 HV 1 0 .  These tendencies were in accordance with 
the carbides’ area ratio results,  and 2.0C -5Ni which showed the highest 
carbide area ratio showed higher hardness comparing to the other 
experimental materials. However, there is  still  no correlation between the 
high temperature Vickers hardness and the experimental  results of erosion 
tests. Therefore,  the oxidation characteristics,  which is one of the 
important factors for heat  and wear resistant materials under high 
temperature environment, was investigated.  
 
5. 5 Oxidation characterist ics of experimental materials  
 Oxidation rates of experimental materials are shown in Fig. 5 -8.  
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Focusing on the C content, in the 0 mass % Ni materials and the 5 mass % 
Ni materials, the oxidation rates increased with the increase of the C 
content,  and the 10 mass % Ni materials showed the same lower degree of 
oxidation rates. It indicates that materials with lower C content has a 
better resistant to oxidation. With the addition of Ni,  the resistance of 
oxidation increased and materials with higher C c ontent and 10 mass % Ni 
addition also showed good resistance to oxidation. On the other hand, 
paying attention to the Ni content, in materials with the same amount of 
C content,  the oxidation rates decreased with the Ni content increased, and 
the influence of the change in C content also tended to decrease. Compared 
with material  without Ni addition, the oxidation rate of 2.0C -10Ni was 
reduced to about 1/8 of the 2.0C -0Ni material . From these facts, it  was 
clarified that changing the amount of C and Ni cont ents contributes to the 
improvement of oxidation characteristics.   
 The influence of Ni addition on the oxide films was investigated using 
materials with 2 mass % C content which had the most differences in 
oxidation rates. The SEM observation results of o xide films are shown in 
Fig. 5-9. The thickness of the oxide films tended to narrow as the amount 
of Ni addition increased. The thickness of the oxide fi lm of 2.0C -10Ni 
material  decreased by approximately 45 μm compared to that of 2.0C -0Ni 
material . From these facts,  it  can be inferred that  2.0C -10Ni material 
exhibited the most excellent erosive wear resistance by suppressing the 
oxidation of material  surface through Ni addition.  
In addition, in order to investigate the influence of Ni addition on the 
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oxide fi lms, EDS surface analysis test  was also conducted on materials 
with 2 mass % C content. The mapping results are shown in Fig. 5 -10. As 
results, since the reaction of Ni and O is remarkably observed between the 
oxide film and the material  in 2.0C -5Ni and 2.0C-10Ni material ,  it  is 
considered that with the addition of Ni,  oxides of Ni and O were formed 
to suppress oxidation.  
From the results of high temperature erosion, high temperature hardness 
and oxidation tests,  the oxidation characteristics were improved by Ni 
addition, and i t was considered that the influence of C content was small  
in 10 mass % Ni materials, so that they all showed improved erosive wear 
resistance. Among them, it can be inferred that 2.0C -10Ni material with 
the highest  high temperature hardness showed excellent erosive wear 
characteristics.   
From these facts, it  is clear that the improvement of high temperature 
hardness and oxidation characteristics are important factors for improving 
high temperature erosive wear characteristics,  and the addition of Ni is  
considered to be effective for this improvement.   
 
5. 6 Summary of Chapter 5 
 In this chapter, nine kinds of multi -component cast  irons with addition 
of approximately 5 mass % of Cr, V, Mo, W, Co, as well  as various Ni 
addition of 0, 5, 10 mass % and C content of 1.0, 1.5,  2.0 mass % were 
prepared as experimental materials and the influence of C content and Ni 
addition on the high temperature erosive wear characteristics of V- 
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containing multi -component cast irons was investigated  at  1173 K. The 
following conclusions were made.  
(1)  High temperature hardness and oxidation characterist ics greatly 
changed due to the changes in C content and Ni addit ion amount.   
(2)  2.0C-10Ni material  showed the best erosive wear resistance due to 
the excellent high temperature hardness and oxidation 
characteristics.   
(3)  The improvement of high temperature hardness and oxidation 
characteristics are important factors in high temperature erosive 
wear.  It  became clear that  the addition of Ni is  effective for this 
improvement.   
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Fig. 5-1 Microstructure and hardness of experimental materials  
 
  









Fig. 5-2 SEM images of experimental materials  
 
  






































































































































































































































































Fig. 5-5 Erosion rate of Fe-C-Cr-Mo-W-V-Co cast irons  
 using different eroded particles  at  1173 K 
 
  










Fig. 5-6 Erosion rate of experimental materials  










































Fig. 5-7 Vickers hardness of  experimental materials at 1173K 
 
  











Fig. 5-8 Oxidation rate as a function of  C content  
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Chapter 6 Conclusions  
 
6. 1 The results obtained in this study 
 Research has been carried out  to develop new thermal and erosive wear 
resistant materials with small impact angle dependence . It has been 
focused on multi-component cast irons with strong carbide-forming 
elements (such as Mo, W, V, Nb, Cr,  etc.) .  Multi-component cast  iron 
crystallizes high hardness carbides such as MC, M 2C, M3C or M7C3  (M: 
Metal) during the t ime of solidification. And the matrix structure is 
secondary strengthened by carbide precipitation by the following heat 
treatment.  Therefore, the reduction of hardness can be supp ressed due to 
the hard carbides dispersed in the matrix and i t  is expected to show good 
erosive wear characteristics,  especially at  elevated temperature.   
With the aim of evaluating the high temperature erosive wear 
performance of various designed multi -component cast irons,  elucidating 
the erosion mechanisms and providing guidance for material composition 
design, a series investigations were conducted in this thesis . The results 
obtained are shown in  each chapter, and I will once again review and 
summarize them as follows.   
In Chapter 1,  the background of this thesis and also the significance to 
develop new thermal and erosive wear resistant materials were stated. The 
purpose of the present thesis was also described.  
In Chapter 2,  the production method of various experimental  materials 
which were used for erosive wear tests in Chapter 3,  Chapter 4,  and 
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Chapter 5 were described. Experimental  methods of the analysis of 
microstructure,  measurement of hardness,  investigation of crystall ized or 
precipitated carbides, and the evaluation method of erosive wear 
characteristics were stated.  
In Chapter 3, using the Fe-C-Mn-Cr-V based multi -component cast iron 
produced in Chapter 2  which was reduced V, Cr and Ni content  comparing 
to high V-Cr-Ni stainless spheroidal carbide cast  iron (SCI-VCrNi),  the 
influence of Cr addit ion on erosive wear characteristics was investigated 
at elevated temperature (873 K and 1173 K). It has been clear that the 
addition of Cr promoted the formation of carbides, e specially M7C3  
carbides, which were effective in enhancing the matrix strength of the 
material to improve the erosive wear performance. Cr dissolved in the 
matrix also helped control the formation of oxides, resulting in improved 
thermal resistance of the material.  As results, experimental materials 
showed good thermal resistance and excellent erosive wear performance 
at 873 K. At 1173 K, the damage due to erosive wear became severe. The 
decreased hardness caused the material to display ductile characterist ics. 
With the addition of Cr, erosive wear performance of the material 5V-9Cr 
improved by approximately 65.1% compared to the material  5V-0Cr, due 
to increased matrix strength and decreased oxidation.  5V-9Cr may be used 
as a thermal and erosive wear-resistant material  due to its  relatively higher 
performance compared to the material SCI-VCrNi.  
In Chapter 4 , using the Fe-C-Cr-Mo-W-Nb based multi-component cast 
iron produced in Chapter 2,  the influence of Ni addition on erosive wear 
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characteristics was investigated at elevated temperature  (1173 K). It has 
been clear that with  Ni addit ion, area ratio of eutectic carbides and 
secondary carbides of the Nb-containing multi -component white cast  iron 
was increased due to the carbide forming elements being suppressed from 
dissolving into the matrix.  With the feature of encouraging the carbide 
formation and remaining good heat resistance, Ni was proved to be 
effective to improve the erosive wear characteristics of Nb -containing 
multi-component cast iron.  Due to the largest  area ratio of high hardness 
carbides and the highest  hardness at  1173 K, material 5Nb -5Ni exhibited 
the most excellent erosive wear characteristics.   
In Chapter 5 , using the Fe-C-Cr-Mo-W-V-Co based multi-component 
cast  iron  with different Ni addition  produced in Chapter 2,  the influence 
of C content and Ni addition on erosive wear characteristics  was 
investigated at elevated temperature  (1173 K).  It has been clear that h igh 
temperature hardness and oxidation characteristics greatly changed due to 
the changes in C content and Ni addition amount.  2.0C-10Ni material  
showed the best  erosive wear resistance due to the excellent high 
temperature hardness and oxidation characterist ics.  The improvement of 
high temperature hardness and oxidation characteristics  are important  
factors in high temperature erosive wear. It became clear that the addition 
of Ni is effective for this improvement.   
In Chapter 6,  the main conclusions obtained in this thesis  were reviewed. 
And the future tasks and prospects  were also stated.  
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6. 2 Future tasks and prospects  
 From a viewpoint to establish an optimum alloy design for  different 
operating environment , systematically investigations of the influence of 
various elements and establishment of basic data are necessary.  As a result 
of this thesis,  various multi -component cast  irons were developed and the 
influence of Cr, Ni and C content on high temperature erosive wear 
characteristics of multi -component cast  irons was e lucidated. As an 
exhibition for the future , the influence on erosive wear characteristics of 
other possible elements which can be added into the multi -component cast 
irons is  necessary to be investigated. The application to actual machine ,  
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